The internal ribosome entry site (IRES) from the picornaterial neo sequence has a negative effect on expression. virus family has frequently been used to express multiple Analysis of the steady-state RNA levels isolated from genes from a polycistronic message in retroviral vectors.
Retroviral vectors have been the vehicle of choice for many gene transfer experiments and a large number of clinical protocols still employ ex vivo approaches which necessarily involve the use of selectable marker genes to allow easy selection for the successfully transduced cells. 1, 2 Of the various dominant selectable markers that are in use for mammalian cells, the neo gene has been the most extensively employed as a marker for retroviral vectors. 3, 4 There are two general ways of expressing neo along with the gene of interest. In one type, an independent promoter, either internal or the LTR itself, is used, 5 while in the second type, the neo gene is expressed as part of a multicistronic message using an internal ribosome entry site (IRES). [6] [7] [8] [9] [10] The internal promoter-based designs were thought to suffer from the limitation of promoter occlusion where the transcription from one promoter suppresses transcription from another when the two promoters are arranged in the same orientations.
11-13 IRESbased designs avoid such problems by expressing multiple genes in one message from a single promoter.
The IRES sequences utilized to date are derived mostly from members of the picornavirus family. They can be isolated from an original viral genome and linked to unrelated genes to produce polycistronic mRNAs. Indeed, IRES elements have been demonstrated to work in the context of retroviral vectors to express two or more genes. [6] [7] [8] [9] [10] Despite the wide use of neo and IRES in retroviral vector designs, factors affecting gene expression in IRES-containing retroviral vectors remain poorly understood. Here we report that the presence of the neo gene in the IRES-containing vectors significantly down-regulated expression of the second gene in the same vector, suggesting a need for a different selectable marker when a high level of gene expression is desired.
To test the effect of IRES on gene expression, vectors containing only the reporter gene and those expressing the two genes (the reporter gene and the neo selectable marker) using IRES were first compared for levels of gene expression by transduction assays ( Figure 1 ). As a reporter gene, cDNA sequences for murine GM-CSF, human IL-4 and human EPO were used because their levels of gene expression could readily be measured from cell culture supernatant ( Figure 1a ). The retroviral vectors MFG was chosen because IRES has already been used to drive gene expression efficiently in this vector. 
4, MFG-hIL-4; 4-N, MFG-hIL-4-IRES-neo; 4-C, MFG-hIL-4-IRES-CAT; 4-G, MFG-hIL-4-IRES-mGM-CSF.
cantly higher levels of these reporter proteins (Figure 1b) . This result suggested that the presence of IRES-neo sequence in the retroviral vector somehow down-regulated gene expression in the context of MFG.
Next, we compared the same vectors for their levels of gene expression in transfected packaging cells where gene expression would be mediated by the provirus in the plasmid instead of from the integrated retroviral genome. As shown in Figure 1c , the magnitude of difference in the level of cytokines between the transfected vectors containing and lacking the IRES-neo sequence was comparable with the results obtained from the transduction assays, indicating that decreased levels of reporter proteins occurred probably at the level of gene expression. To identify the sequence responsible for the decreased level of gene expression, neo was replaced with different sequences whose product could readily be assayed. First, in the retroviral vector expressing human IL-4, neo was replaced with the bacterial CAT or murine GM-CSF sequences. As shown in Figure 2 , replacement of neo with different sequences increased the level of IL-4 three-to five-fold, close to the level achieved with MFG expressing IL-4 alone. A similar observation was made in the retroviral vector expressing GM-CSF. This result indicated that the neo sequence when used in conjunction with IRES has a negative effect(s) on gene expression, at least in the context of MFG.
To understand at what level of gene expression the negative effect of neo occurs, we analyzed the quality and quantity of viral RNAs produced in transfected 293T cells. Retroviral constructs expressing GM-CSF, neo and CAT in various positions were transfected to the 293T cells and total RNAs were prepared followed by Northern blot hybridization analysis using the GM-CSF cDNA as a probe (Figure 3) . First, the levels of GM-CSF in culture supernatant of transfected cells were also measured (Figure 3a) . Similar to results obtained with the IL-4/CAT vector, retroviral vectors containing CAT in place of neo produced higher levels of GM-CSF than those containing the selectable marker.
Figure 3 Protein and RNA analysis in 293T cells transiently transfected with various retroviral constructs. (a) Analysis of the protein level. The four retroviral constructs expressing two genes in different positions with differing combinations of cDNAs were transfected to 293T cells and the levels of GM-CSF in the cell culture supernatants were measured by ELISA (R&D). C-G, MFG-CAT-IRES-mGM-CSF; G-C, MFG-mGM-CSF-IRES-CAT; N-G, MFG-neo-IRES-mGM-CSF; G-N, MFG-mGM-CSF-IRES-neo. (b) Northern blot analysis of 293T cells transiently transfected
The retroviral vectors used in this study produced two RNA species, a genomic transcript and a spliced RNA (Figure 3b ). The level of RNAs that specifically hybridized with the virus-specific probe was much higher with the retroviral vectors expressing GM-CSF and CAT than those containing neo and CAT. This result suggested that neo interfered with gene expression from IRES-containing retroviral vectors, probably at the level of RNA.
The above result also suggested that the order of genes in the IRES-containing retroviral vector might have a different effect on gene expression depending on sequences in the vector. It was reproducibly found that GM-CSF and CAT could be placed either downstream or upstream from IRES without significantly affecting the level of gene expression. However, the position of the neo sequence appeared to have a small, but reproducible effect in that the level of GM-CSF was slightly higher when the neo sequence was placed upstream from IRES.
To our knowledge, in all approved gene therapy clinical protocols employing retroviral vectors, neo is used when selection of transduced cells is needed. Our results suggest that the neo sequence down-regulates gene expression from the IRES-containing retroviral vector, probably at the level of RNA. The magnitude of a negative effect appears to vary depending on the genes expressed together. However, its negative effect spans a broad spectrum of sequences. It is not yet clear how the neo sequence negatively affects the level of mRNA. One possibility would be the presence of an inhibitory sequence in the neo coding region that lowered the rate of RNA elongation or the stability of RNA. Whatever the mechanism, it is recommended that when the neo has to be used, the choice of vectors and configuration of genes in a given vector be carefully determined to achieve optimum level of gene expression.
